To characterize the function of the sodium/inositol symporter SMIT2 in skeletal muscle, human SMIT2 cDNA was transfected into L6 myoblasts using pcDNA3.1 expression vector. Compared with the pcDNA3.1 vector only transfection, this overexpression increased the uptake of inositol for DCI uptake was 111.0 and 158.0 μM, respectively, whereas glucose competed for DCI uptake with a K i of 6.1 mM. Insulin treatment of non-transfected L6 cells (2 μM for 24 hours) increased [ 3 H]DCI specific uptake 18-fold. DCI transport is up regulated by insulin and competitively inhibited by millimolar levels of glucose. Therefore, expression and/or function of SMIT2, a high affinity transporter specific for DCI and myo-inositol, may be reduced in diabetes mellitus, insulin resistance and polycystic ovary syndrome causing the abnormal DCI metabolism observed in these conditions.
Introduction
myo-Inositol (MI) is a well-studied component of inositol phosphate insulin signaling molecules [1] [2] [3] . D-chiro-Inositol (DCI), an epimer of MI, is a distinctive inositol that may also mediate insulin bioactivity. Acute administration of DCI lowered plasma glucose concentrations in Streptozotocin (STZ)-diabetic rats and increased glucose utilization in insulin-resistant monkeys [4, 5] . The same acute administration of DCI (10 mg/Kg), but not MI, increased glucose disappearance rates by 50% in STZ-diabetic rats [4] . DCI pretreatment prevented glucosamine-induced reduction in peripheral glucose uptake [6] . More recently, it was shown that DCI, but not MI, increased glucose uptake in L6 myotubes when supplemented at concentrations as low as 0.1 mM [7] . These experiments suggest that DCI is active in muscle. SMIT2 (SLC5A11), member 11 of solute carrier family 5, sodium/glucose cotransporter, was characterized biochemically in human HepG2 cells by this laboratory [8] . SMIT2 transports MI and DCI with similar affinity for both substrates in HepG2 cells (K m =348 μM) [8] . MI also is transported by the high-affinity SMIT1 transporter [9] and hydrogendependent symporter HMIT [10] . SMIT1 does not transport DCI [11] . It is not clear whether or not HMIT transports DCI. However, HMIT is predominately expressed in the brain [10] and thus may not play an important role in muscle DCI transport. SMIT2 was later cloned [11] and shown to be expressed in muscle and other tissues such as kidney, brain, heart, and liver [12] .
Several studies have characterized the function of SMIT2 in transporting MI. SMIT2 mediates MI uptake in apical membrane of rat small intestine although SMIT1 is present [13] . SMIT2 also is located in rabbit kidney and is responsible for MI re-absorption [14] . However, functional analysis of SMIT2 in muscle has been lacking. Furthermore, the functional analysis of SMIT2 in transporting DCI has been very limited. Coady at el. injected cRNA for rabbit SMIT2 into Xenopus oocytes and showed with the voltage clamp technique that SMIT2 transports DCI [11] .
Metabolism of both MI and DCI is abnormal in diabetes mellitus. Insulin-mimetic fractions isolated from muscle biopsies of Pima Indians with type 2 diabetes mellitus showed reduced DCI [15] . DCI content increased after administration of insulin in normal subjects but not in patients with type 2 diabetes. These results suggest insulin regulation of DCI metabolism under normal conditions but impaired regulation in diabetes. DCI deficiency in diabetes might be due to reduced transport, but direct studies of insulin effects on DCI transport have not been reported. SMIT2 belongs to the family of sodium/glucose cotransporters, implying glucose transport capability [16] . Previous work with rabbit SMIT2 cRNA injection into Xenopus oocytes shows that SMIT2 transports very little D-glucose (as judged by electric potentials) at a concentration of 1 mM but that some transport is found at 50 mM [11] . By contrast, the same SMIT2 cRNA injection does not increase 3-O-methyl-glucose or 2-deoxy-glucose uptake even at 50 mM [11] . Thus, it remains unclear whether or not SMIT2 transports glucose.
In the present study, by overexpressing human SMIT2 cDNA, we demonstrate that SMIT2 transports DCI as well as MI with similar affinity in L6 myoblasts. In contrast, SMIT2 appears not to contribute to glucose transport in L6 myoblasts. Glucose and pinitol (3-Omethyl-DCI) bind to SMIT2 with lower affinity and compete for inositol transport. Furthermore, the DCI transport pathway in L6 cells appears to be up regulated by insulin, probably modulated through an effect on the SMIT2 transporter. Part of this manuscript has been presented at the Arteriosclerosis, Thrombosis and Vascular Biology Annual Conference of 2008 [17] . [8] and repurified with a 3-mL LC-Si SPE column (Supelco) before use. Insulin and BSA were purchased from Sigma.
Materials and Methods

Materials
Expression vectors and transient transfection
Human SMIT2 cDNA was obtained by reverse transcription from PolyA mRNA purified from HepG2 cells. Restriction sites of KpnI and EcoRI were engineered onto the forward primer (5′-AGGTACCGCCACCATGGAGAGCGGCACCAG-3′) and backward primer (5′-GCGCGAATTCCCACACTAAGCAAAATAGCCCCAG-3′), respectively. The cDNA was amplified and subcloned into the pcDNA3.1 expression vector (Invitrogen) after both cDNA and the vector were digested with KpnI and EcoRI, which was designated pcDNA3.1-H-SMIT2. PCR was performed to amplify the EGFP cDNA with NheI (forward primer, 5′-ACCTGCTAGCCACCATGGTGAGCAAGGG -3′) and EcoRI (backward primer, 5′-TGAATTCTTACTTGTACAGCTCGTCCATGCCGAG-3′) designed into the primers using pEGFP-N1 (Clontech) as the template. The EGFP cDNA was subcloned onto NheI and EcoRI sites of pcDNA3.1 after restriction digestion of both cDNA and the vector, which was named pcDNA3.1-EGFP. The identity of both human SMIT2 and EGFP cDNAs was verified by dye-terminator sequencing performed in the Protein and Nucleic Acid Chemistry Laboratory of Washington University.
L6 myoblasts (7.5×10 5 to each well of 12-well plates) were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10.0% fetal bovine serum and 25.0 mM glucose for 48 hours to 70% confluence before transfection or insulin treatment. Transient transfection was then done using Lipofectamine ™ 2000 (Invitrogen) according to the manufacturer's protocol.
Transport assays
All transport assays were performed 24 hours after the start of transfection in uptake buffer (glucose-and MI-deficient DMEM containing 0.1% BSA). Insulin was added to uptake buffer for 24 hours before DCI transport assay. The inositol uptake assay was conducted with 1.2 μCi/mL of For both inositol and glucose uptake, cells were collected at the end of assay in 0.5 mL of 0.1 N NaOH after washing with cold DPBS six times. Aliquots were taken for BCA protein assay and liquid scintillation counting, both after neutralization with HCl.
Glucose and inositol uptake was expressed as DPM/mg protein. For the determination of insulin effect on DCI uptake, specific uptake was calculated as the difference between uptake observed without the addition of DCI and that supplemented with 10 mM unlabeled DCI.
RT-PCR and real-time quantitative PCR analyses
Total RNA was treated with RNase-free DNase (Promega) after isolation by using Trizol® (Invitrogen) and further purification with RNeasy mini kit (Qiagen). First-strand cDNA was synthesized with iScript ™ cDNA Synthesis Kit (Bio-Rad) on total RNA (0.5 μg) in a volume of 20 μL using a mixture of oligo(dT) and random hexamer primers. Aliquots (2.5 μL) of the reverse transcription were then subjected to PCR (50°C for 2 minutes, 95°C for 10 minutes, 95°C for 15 seconds followed by 60°C for 30 seconds for 40 cycles) using genespecific primers: 5′-TCCCGTCTCTTTGGTACTGG -3′ (forward primer for rat SMIT2), 5′-GACTCCGCTGAACAATCACCT-3′ (backward primer for rat SMIT2); 5′-GCCTCCACAGTTAGATCCCC-3′ (forward primer for human SMIT2), 5′-CAGAACTAGCACCGCGATGT -3′ (backward primer for human SMIT2); and 5′-TGAAGCATACAGGTCCTGGC -3′ (forward primer for rat cyclophilin A), 5′-TGTTTGGTCCAGCATTTGC -3′ (backward primer for rat cyclophilin A). Real-time quantitative PCR analyses were performed with SYBR Green and an iCycler iQ ™ RealTime PCR Detection System from Bio-Rad in a volume of 25 μL, each reaction using iQ ™ SYBR Green Supermix (Bio-Rad). Real-time PCR products were electrophoresed on 1.2% agarose gels to verify that the primer pairs amplified a single product of the predicted size. The iCycler iQ ™ Detection System software was used to analyze the data, and threshold cycle numbers were calculated. Rat cyclophilin A levels were used as an internal control. An expression value for human SMIT2 and rat SMIT2 relative to rat cyclophilin was calculated by 2 −ΔΔCt method [18] . The mRNA levels are presented in arbitrary units where the vectoronly transfection was assigned a value of 1.0.
Statistical analyses
Statistical analyses were conducted using SAS (V8.2, SAS Institute, Cary, NC). Comparisons among means of treatments were done using Duncan's multiple range test or a two-sample t-test whenever it was appropriate. Data are expressed as means ± SEM. Differences between treatment means were designated as being significantly different if P < 0.05 (or otherwise as indicated).
Results
Effects of overexpressing human SMIT2 cDNA in L6 myoblasts on [ 3 H]DCI and [ 3 H]MI uptake
Human SMIT2 cDNA overexpression resulted in a large increase in mRNA level relative to cyclophilin A mRNA in L6 myoblasts compared with the transfection of pcDNA3.1 vector only ( Figure 1A) . [ 3 H]DCI uptake increased by 159-fold ( Figure 1B) . Similarly, the overexpression of human SMIT2 cDNA resulted in a 37-fold increase in [ 3 H]MI uptake ( Figure 1C) . Overexpression of EGFP subcloned in the same expression vector did not increase SMIT2 mRNA level or the uptake of DCI or MI, indicating that the overexpression of human SMIT2 cDNA and its increase in mRNA level were responsible for the significant increase in DCI and MI uptake in L6 myoblasts.
Kinetics of DCI transport in L6 myoblasts
To assess the competition of various inositols and glucose, [ 3 H]DCI uptake was determined with 0 mM or 10 mM unlabeled DCI, MI, or pinitol, and 0 mM or 25 mM glucose using the transfected cells. Both DCI and MI competed equally well for DCI uptake, reducing it by more than 98%. In contrast, pinitol at 10 mM or glucose at 25 mM did not compete as well, decreasing DCI uptake only by 37.6% and 77.3%, respectively.
To further quantitate the kinetics, [ 3 H]DCI uptake was performed in transfected cells at various concentrations of competitors. Specific binding was calculated as total binding minus binding in cells transfected with pcDNA3.1 vector only. The computed K m for DCI ( Figure 2A ) and MI ( Figure 2B ) and the K i for pinitol ( Figure 2C ) and glucose ( Figure 2D ) were 110 μM, 158 μM, 9.6 mM, and 6.1 mM, respectively, with maximum binding capacities of 84.0, 64.0, 4080, and 6340 pMoles/mg protein. These results indicate that SMIT2 was a high affinity transporter for DCI and MI. In contrast, pinitol and glucose bind to SMIT2 with a relatively low affinity.
Effects of human SMIT2 cDNA overexpression on glucose uptake in L6 myoblasts
Next, we determined whether SMIT2 also transported glucose in L6 myoblasts. Glucose transport was first determined in the absence of unlabeled glucose in L6 myoblasts transfected with pcDNA3. 1 Figure 3A, 3B, and 3C ). Since glucose binds to SMIT2 with a relatively low affinity, we determined the effect on the same three tracers in the presence of 5.5 or 25 mM unlabeled glucose. Again, overexpression of human SMIT2 cDNA did not alter uptake of either tracer.
On the other hand, insulin at 2 μM significantly increased [ 14 C]2-deoxy-D-glucose uptake in non-transfected L6 myoblasts by 29.9 ± 0.11% ( Figure 3D ). The effect of insulin on [ 14 C]2-deoxy-D-glucose uptake thus acted as a positive control for the investigation of SMIT2 overexpression on glucose uptake in L6 myoblasts.
Effects of insulin on DCI transport
Finally, we tested whether insulin regulated DCI transport in L6 myoblasts. L6 myoblasts were pre-treated with or without 2 μM insulin in uptake buffer containing 0.5% serum for 24 hours. 
Discussion
Inositol transport is likely to be important in understanding diabetes and the mechanisms involved in insulin action. The study of DCI transport in HepG2 cells initially resulted in the description of a single kinetic pathway that carried both DCI and MI [8] . The transporter was found to be sodium-dependent and inhibited by phlorizin. Coady and collaborators then studied an orphan from the SLC5 family of sodium-dependent sugar transporters that bore some homology to SMIT1, the sodium-dependent MI transporter [11, 19] . SMIT2 has been well characterized in transporting MI [13, 14] . However, functional analysis of SMIT2 in muscle is lacking. Furthermore, functional analysis of SMIT2 in transporting DCI has been limited to the use of cRNA Injection System in Xenopus oocytes with voltage clamp technique [11] . In this work we have expressed human SMIT2 cDNA in rat L6 skeletal muscle cells and demonstrated that it transports MI and DCI, but not glucose. The DCI transport pathway is competed by glucose and stimulated by insulin.
Endogenous rat SMIT2 was expressed in L6 cells and transported MI and DCI (data not shown). Furthermore, when transfected into L6 cells, human SMIT2 cDNA resulted in a 159-fold increase in [ 3 H]DCI uptake when compared with pcDNA3.1 vector only transfection ( Figure 1B) . Consistent with previous functional data in other tissue types, overexpression of human SMIT2 cDNA also led to a 37-fold increase in [ 3 H]MI uptake in skeletal muscle cells ( Figure 1C) . The smaller increase in [ 3 H]MI uptake may be due to the natural abundance of SMIT1 in L6 cells, which transports MI but not DCI [11] . The relative contribution by SMIT1 vs. SMIT2 to the transport of MI remains to be determined. Kinetic studies demonstrated a similar K m for DCI (110.0 μM, Figure 2A ) and MI (158.0 μM, Figure 2B ). However, Ki values for pinitol (9.6 mM, Figure 2C ) and glucose (6.1 mM, Figure 2D ) were much higher. SMIT2, related to the family of sodium-dependent glucose transporters including SGLT1, has been postulated to be a low-affinity glucose transporter [20] . However, SMIT2 does not appear to be quantitatively important for glucose transport in L6 cells. Glucose transport measured either with labeled glucose or with glucose analogs was not affected by SMIT2 transfection in the absence of unlabeled glucose (Figure 3) . However, unlabeled glucose did compete for [ 3 H]DCI uptake ( Figure 2D ). Previous work with rabbit SMIT2 cRNA injection into Xenopus oocytes showed that SMIT2 transported very little D-glucose (as judged by electric potentials) at a concentration of 1 mM but that some transport was found at 50 mM [11] . By contrast, the same SMIT2 cRNA injection did not increase 3-O-methyl-glucose or 2-deoxy-glucose uptake even at 50 mM. Since SMIT2 binds to glucose with low affinity, it may transport glucose at a higher concentration. Nonetheless, the overexpression of human SMIT2 in the current study did not increase the uptake of any of the three tracers in the presence of 5.5 or 25 mM unlabeled glucose. Since glucose is transported by several other molecules, it is possible that the additional transport due to SMIT2 overexpression is difficult to measure. Alternatively, glucose may compete for SMIT2 sites at the cell surface but without being internalized. Our results suggest that SMIT2 functions as an inositol rather than as a glucose transporter. Recent results also argue against the participation of SMIT2 in glucose uptake in the small intestine [13] .
DCI transport appears to be up regulated by insulin. Short-term insulin administration to humans increased muscle DCI content in normal subjects but not in those with type 2 diabetes mellitus [15] . This could have been due to increased insulin-dependent DCI synthesis, reduced tissue metabolism or efflux, or increased inflow. These pathways have not been extensively studied, but some data supported DCI synthesis through conversion from MI [21] . Our work here supports the mechanism of increased DCI inflow into muscle, probably through SMIT2. In vitro, [ 3 H]DCI specific transport increased 18-fold in L6 cells after treatment with insulin ( Figure 4) . Previous clinical studies also favored an effect of insulin on DCI transport in the kidney. In type 2 diabetics there was a significant direct correlation between endogenous plasma insulin level (a measure of insulin resistance) and renal DCI clearance [22] . Furthermore, prolonged treatment with insulin resulted in increased renal DCI reabsorption [22] . Our work suggests that these results might have been due in part to a direct effect of insulin on SMIT2.
Diabetes mellitus is associated with elevated glucose as well as disorders of insulin metabolism. It was demonstrated that excretion and clearance of DCI were positively correlated with plasma glucose (r=0.568) [22] . Reduced renal tubular reabsorption of DCI appeared to account for much of the effect. Glucose directly competes with DCI transport through SMIT2 with a K i of 6.1 mM ( Figure 2D ). This is above the normal upper limit of 5.6 mM for fasting glucose and less than the glucose values of up to 25 mM that may be observed in uncontrolled diabetic outpatients. Thus, we suggest that reduced inositol transport through SMIT2 could be due in part to hyperglycemia.
Taken together with previous clinical studies in diabetic patients and women with polycystic ovary syndrome, our results suggest that SMIT2 expression and function -measurable by DCI transport -may be a marker for the effects of insulin or glucose or both. In addition, intracellular deficiency of the inositols transported by SMIT2 may contribute directly to the altered metabolism and complications of diabetes and insulin resistance. Further work is needed to assess the regulation and physiological significance of inositol transport in normal and disease states. 
